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to be always curious, to keep reading 
papers from other fields even if they 
seem marginal to your own scientific 
interests, and to avoid trying to have 
everything perfectly planned; as Yogi 
Berra said, “Some things don’t always 
work out the way you plan. The main 
thing is to keep trying, do better next 
time, and deal with disappointment if it 
comes.”
What has been your biggest error? 
Back at the beginning of this century, 
I used to say “I am going to spend 
the rest of my life trapped in a 
mitochondrion!”. This was because I 
was convinced that it was never going 
to be possible to retrieve even partial 
extinct genomes. Now, there are 
genomic sequences for many ancient 
humans and animals. This goes back 
to the famous Arthur C. Clarke quote: 
“When a distinguished, but elderly, 
scientist states that something is 
possible, he is almost certainly right. 
When he states that something 
is impossible, he is very probably 
wrong”.
Do you have a favourite conference? I 
usually don’t go to conferences. I think 
from an exclusively scientific point 
of view they are quite anachronistic. 
They were invented in the 19th century 
when the current technological means 
of global communication didn’t exist, 
and some scientists could have spent 
decades working a particular subject in 
isolation. I agree they can be useful for 
social purposes, but I usually prefer to 
stay at home with my wife and children.
Speaking of technology, what do you 
think about the ‘electronic revolution’ 
in publishing? Science is experiencing 
the digital revolution, probably faster 
than other area of society. If you think 
of it this way, it is surprising that we are 
still publishing paper journals. Who on 
earth would be waiting for the latest 
issue of Current Biology to arrive at the 
university library to read it? 
So, you think the conventional way of 
publishing is on its way out? The peer-
review system is so odd that, if you try 
to explain how it works to someone 
outside the business, that person will 
surely have problems to understand 
it. According to Richard Horton, editor 
of The Lancet, “we know that the 
system of peer review is biased, unjust, 
unaccountable, incomplete, easily 
fixed, often insulting, usually ignorant, 
occasionally foolish, and frequently 
wrong.” I have the feeling that the 
communication of scientific results will 
be totally different in the future. Maybe 
scientists will upload their research in 
some open webs where other scientists 
will discuss or criticize the findings 
online, ask for additional experiments, 
upload their own results, etc. 
Do you have a scientific hero? In 
20th century biology, William D. (Bill) 
Hamilton is probably the person 
who I admire the most. He published 
few papers, many in the Journal of 
Theoretical Biology — not precisely a 
high-impact journal, but they changed 
fundamental aspects of evolutionary 
biology. Intriguingly, he is almost 
entirely unknown outside the scientific 
community — if you mention Hamilton, 
most people will think of the Formula 
One driver. 
You have written several popular 
science books. Would you consider 
this part of a scientist’s duties? I think 
a scientist has somehow the obligation 
of communicating knowledge to 
society, specially in fields that may 
have profound social implications, 
such as human genetics and human 
evolution. I work trying to uncover 
fascinating things about extinct 
humans, but my research is not only 
about the past. In truth, it is also about 
us, about what makes us different. It is, 
of course, much easier to write books 
about your own research if you are very 
passionate about it. 
What is your greatest ambition? I 
am planning to retrieve and study 
complete ancient genomes from 
European prehistory. Having published 
papers on sequences that were just 
47 nucleotides long, this is a great 
conceptual leap for me! I am quite 
sure that in the future we will have 
hundreds of ancient genomes and we 
will be able to directly study evolution 
in time and place. However, we are 
accumulating a huge body of genomic 
data, but we are less able to interpret 
the functional impact of the genetic 
differences we find. We still need to 
better understand the relationship 
between genotype and phenotype. 
But, the next years are going to be 
great fun, I think.
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Quick guideWhat are catch bonds? For a long 
time, the biophysics community 
searched for receptor–ligand bonds 
that could act like molecular hooks, 
dissociating easily in the absence of 
force but holding firm when stretched 
by tensile forces. While such hook-
like bonds have not yet been found, 
a conceptually different type of 
force-activated bond was identified 
ten years ago that is now commonly 
referred to as a catch bond. These 
catch bonds are receptor–ligand  
bonds whose lifetime increases with 
tensile force applied to the bond (in 
contrast to the more prevalent slip 
bonds, whose lifetime is shortened 
by tensile forces acting on the bond).
What proteins are involved in 
catch bonds? To cope with tensile 
forces, we know today that a variety 
of bacterial and cellular adhesion 
molecules have evolved special 
mechanisms to strengthen their 
adhesive interactions. Cells and 
microbes often have to hold on to 
surfaces or to other cells while tensile 
forces put strain on their adhesion 
receptors. The tensile forces typically 
originate from dragging forces 
imposed by fluid flow acting on 
cells or bacteria, or from biological 
motors pulling on protein filaments or 
networks. 
Since the discovery of the first 
catch bond, involving the bacterial 
adhesin FimH from Escherichia 
coli, various eukaryotic adhesins, 
including selectins and integrins, 
have also been found to form catch 
bonds with their respective ligands 
(Figure 1). The common feature of the 
few proteins identified so far to form 
catch bonds is that they all serve 
adhesive functions under conditions 
where cells or bacteria have to be 
able to adhere to surfaces, or to cells 
or tissues in the presence of tensile 
forces.
When do cells have to rely on catch 
bonds? Among the many adhesins 
that bacteria use to adhere to and 
later invade their hosts, E. coli 
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and the closely related bacteria 
Salmonella express an adhesin that 
can form a catch bond with a very 
specific sugar, mannose (Figure 1C). 
These catch-bond-forming adhesins 
allow E. coli to roll along surfaces at 
low flow velocities as they form short-
lived interactions with mannose. 
The rolling motion allows the cells 
to move along the surface, thereby 
increasing the collision rate with 
surface-exposed target molecules or 
cells to which the bacteria can then 
adhere. At higher flow velocities, 
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ActiveInactiveFigure 1. Catch bonds: principle of mechani-
cal allostery and structures of catch bond 
forming adhesins.
In all panels, binding domains are shown as 
purple, regulatory domains as blue, and lig-
ands as orange. (A) Conventional principle of 
allosteric regulation by a soluble co-factor. 
(B) Mechanical allostery of catch-bond-form-
ing adhesins. (C–E) Structures of receptors 
forming catch bonds with their ligands. The 
force vectors acting on the ligand–receptor 
complex are indicated with black arrows. 
(C) Mechanical force disrupts the interface 
between the lectin and the pilin domain of 
FimH and thus increases the affinity of the 
lectin domain for mannose. The images of 
the structures representing the short-lived 
and long-lived states of FimH were gener-
ated using the structures with PDB codes 
3JWN and 1UWF, respectively. (D) Mechani-
cal force alters the orientation of the two do-
mains of P-selectin and thus upregulates its 
affinity for ligands, e.g. the PSGL-1 peptide. 
Shown here are the structures PDB 1G1S 
(active) and PDB 1G1Q (inactive). (E) The 
increase of the hinge angle q between the 
bA domain and the hybrid domain initiates 
integrin activation. The image of the inactive 
form of integrin avb3 was created with PDB 
1L5G, but omitting parts of both subunits 
to enhance clarity. The activated structure 
is a snapshot of the final structure derived 
by steered molecular dynamics simulations. 
The position of the thigh domain was ap-
proximated using PDB 1L5G as a template.
these adhesin–mannose complexes 
get activated by the dragging forces 
acting on a bacterium. This activation 
triggers the firm adhesion of the 
bacteria to the surface and prevents 
them from being carried away by 
the flow. Through this mechanism, 
some E. coli can cause urinary 
tract infections on surfaces that are 
washed by body fluids, or adhere to 
the surfaces of waste water pipes. 
Also, leukocytes can roll along the 
walls of blood vessels via loose 
interactions of their membrane-bound 
selectins with P-selectin glycoprotein 
ligand-1 (PSGL-1) that is exposed 
on endothelial cells. It is thus not 
surprising that the selectin–PSGL-1 
complexes can also form catch bonds 
(Figure 1D). The arrest of leukocyte 
rolling allows them to invade vascular 
endothelia. Finally, members of the 
most prominent class of adhesins 
that eukaryotic cells exploit to adhere 
to extracellular matrix, namely 
integrins, can form catch bonds as 
well (Figure 1E). Force-mediated 
activation of integrins might allow the 
first contacts between the cell and 
the extracellular matrix to survive 
even in the presence of tensile 
forces generated by the contractile 
actin-myosin system.
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adhesins work? While various 
mechanisms were initially proposed 
to explain catch bond behavior, more 
recent data suggest that at least one 
group of bacterial and eukaryotic 
catch-bond-forming adhesins have a 
common design. The ligand-binding 
domain is in close contact with a 
neighboring domain distal to the 
binding pocket that we call here 
the regulatory domain (Figure 1). 
Application of a tensile force to the 
ligand–receptor complex leads to a 
structural loosening of the interface 
between the binding pocket and the 
regulatory domain that activates the 
binding pocket. Thus, at least two 
structural states of the receptor–
ligand complex can coexist — a 
short-lived and a long-lived state, 
each of which has a distinct ligand 
on- and off-rate.
Considerable evidence suggests 
that the regulatory domain can 
serve as a co-factor. Allosteric 
regulation of ligand-binding sites, 
where the presence of a soluble 
co-factor regulates the activity of 
the remote ligand-binding sites, is 
already a well-known phenomenon in 
protein science (Figure 1A). In case 
of catch-bond-forming adhesins 
though, the regulatory domain that 
serves as a co-factor is covalently 
linked to the binding domain. The 
‘catch’ provided by catch bonds is 
that the regulatory domain can be 
mechanically removed, or its contact 
angle with the binding domain can 
be opened. Mechanical perturbations 
at the domain–domain interface can 
propagate rapidly to the binding 
pocket to switch it into the long-
lived state. Such a mechanism of 
mechanical allostery can explain 
all phenomena observed so far for 
the above mentioned catch-bond-
forming bacterial and eukaryotic 
adhesins (Figure 1B). The exact 
mechanisms by which the lifetime 
of other receptor–ligand complexes 
might be switched by mechanical 
forces remain unclear, for example 
those complexes formed when 
motors interact with their cytoskeletal 
filaments or in the interaction of 
the von Willebrand factor with its 
receptor on platelets.
Are tensile forces needed to 
activate these catch bonds? The 
clear answer is no. It has often 
been shown that mechanical force only accelerates the activation of 
catch bonds, since the short- and 
long-lived states are separated 
by an energy barrier that can also 
be overcome by other means, for 
example by thermal activation. If 
the receptor–ligand complex has 
sufficient time to equilibrate, the 
adhesive bond will get activated 
eventually: ligand binding will 
induce the structural switch that 
transitions the complex into the 
activated catch bond state. The role 
of force is thus only to accelerate 
the process of passing from the 
short- to the long-lived state across 
the energy barrier. The height of 
the energy barrier between the 
two structural states defines the 
rate of thermal activation events. 
Other factors can further modulate 
the height of this energy barrier, 
including other protein–protein 
interactions. In case of integrins, 
various extracellular domains that 
bend into a ‘knee’ configuration 
might serve such a function of 
stabilizing the non-activated state 
via additional domain–domain 
interactions. Even in the absence of 
a ligand, a chemical modification that 
loosens the domain–domain interface 
can ‘prime’ the binding domain 
and switch it into the structure of 
the long-lived state. Activating 
antibodies, for example, have been 
identified for integrins and for the 
bacterial adhesin FimH. 
What, then, is the advantage of 
catch bonds? On shorter and often 
physiologically relevant time scales, 
forces can accelerate the transition 
into an activated state whereby 
evolutionary processes might have 
tuned a variety of parameters to 
adjust the operational time scales 
to optimize the adhesion of catch-
bond-forming receptor–ligand 
complexes. Firm adhesion of 
bacteria or cells to surfaces under 
flow can only occur, however, if 
the ligand dissociation rate of 
the weakly bound state is slow 
enough such that physiologically 
relevant forces can activate the 
complex into the long-lived state. 
This activation has to occur before 
the short-lived initial interactions 
are torn apart. The lifetime of the 
long-lived state finally determines 
how long a single receptor–ligand 
complex can survive in a bound 
state. Consequently, the thermal activation rate of transitioning 
into the catch bond state should 
be small compared with the rate 
of activation by physiologically 
relevant forces, but not too short 
either. The kinetic parameters of 
the receptor–ligand complexes thus 
need to be properly tuned to enable 
bacteria and cells to adapt optimally 
to tensile forces experienced in 
their environmental niches. Finally, 
the mechanical properties of the 
tethers through which the forces 
are transmitted to the receptor–
ligand complex can dampen force 
peaks and thus can have a major 
impact on the survival rates of the 
adhesive contacts. Receptor–ligand 
interactions are thus not only 
fascinating from the perspective 
of how their biochemical 
complementarities are tuned, but 
also with respect to their detailed 
mechanical designs. 
Where can I find out more?
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